A sensitive (0.01-1 nmol) method has been developed for the analysis of polyamines in higher plant extracts based on high performance liquid chromatography (HPLC) of their benzoyl derivatives (Redmond, Tseng 1979 J Chromatogr 170: 479-481). Putrescine, cadaverine, agmatine, spermidine, spermine, and the less common polyamines nor-spermidine and homospermidine can be completely resolved by reverse phase HPLC, isocratic elution with methanol:water (64%, v/v) (27, 28) . HPLC analysis of dansyl-polyamines has also been reported (23, 24) . The dansyl reagent is not specific for amino groups, and the presence of carbohydrates and phenolics in plant cells causes substantial interference and reduces the accuracy of quantitative analyses.
9) has focused on the suggestive evidence (6, 10, 19) for their involvement in the regulation of growth and development. For example, exogenously added polyamines promote callus formation in Jerusalem artichoke tuber explants (3), prevent leaf senescence (15) , and promote macromolecular synthesis and mitosis in oat leaf protoplasts (14) . The polyamine biosynthetic enzyme arginine decarboxylase is regulated by phytochrome (7) and GA3 (8) in pea buds and internodes. The evidence accumulated so far needs to be supported by detailed analysis of the endogenous polyamine pools and de novo synthesis from labeled precursors during the developmental processes these compounds seem to affect.
The most sensitive and widely used method of polyamine analysis is based on the dansylation of the amino groups under alkaline conditions, separation of the dansyl derivatives by TLC, and quantification by fluorimetry (22, 25) . Although originally developed for the analysis of animal and bacterial polyamines, the dansyl method has been adapted for use with higher plant extracts 1 Supported by National Aeronautics and Space Administration and National Science Foundation Grant to A. W. G., and an American Cancer Society Fellowship to H. E. F.
2Abbreviations: Put, putrescine; Spd, spermidine; Sppm, spermine; Dap, diaminopropane; Cad, cadaverine; Agm, agmatine; Homo-Spd, homospermidine; APCad, aminopropylcadaverine; Nor-Spd, norspermidine; dansyl, l-dimethylamino-5-naphthalenesulfonyl; a.u.f.s., absorbance units full scale. (27, 28) . HPLC analysis of dansyl-polyamines has also been reported (23, 24) . The dansyl reagent is not specific for amino groups, and the presence of carbohydrates and phenolics in plant cells causes substantial interference and reduces the accuracy of quantitative analyses.
A recent report (20) showed the separation of polyamine standards (Put, Cad, Spd, Spm) based on the Schotten-Baumann benzoylation reaction, and subsequent analysis by reverse-phase HPLC. We have extended the range of compounds that can be resolved by this procedure and developed the method for an accurate estimation of polyamine titer in a variety of crude higher plant extracts. These results are reported below, and the correlation with the analysis of dansyl-polyamines is discussed. (20) . One ml 2 N NaOH was mixed with 250 to 500 ,ul of HC104 extract. After addition of 10 pl benzoyl chloride, vortexing for 10 s, and incubation for 20 min at room temperature, we added 2 ml saturated NaCl. Benzoyl-polyamines were extracted in 2 ml diethyl ether (anhydrous grade; Baker). After centrifugation at 1500g x 5 mi, 1 ml of the ether phase was collected, evaporated to dryness under a stream of warm air, and redissolved in 100 pl methanol (Baker; HPLC grade). Standards were treated in a similar way, with up to 50 nmol of each polyamine in the reaction mixture. Except occasionally for Agm, the benzoylation of any one standard did not seem to be affected by the presence of a large excess of the other polyamines. The benzoylated samples were stored at -20°C. Except for Agm and Spd, the benzoylpolyamines were stable under these conditions for several months. The absorbance (254 nm) of benzoyl-Agm and benzoyl-Spd tended to increase when stored beyond 2 weeks, presumably due to decomposition products. Benzoyl-Spd showed a split peak after HPLC in old samples. HPLC analysis was done with a programmable Altex-Beckman model 322 liquid chromatograph. The solvent system consisted of methanol:water, run isocratically at 60 to 65% methanol, at a flow rate of 1 ml/min. Preliminary experiments showed that quantification was not as precise when a solvent gradient was programmed, and no significant gain in resolution was obtained. Acetonitrile:water (52%, v/v) was also found to be more sensitive, and useful for rapid separations not involving Agm (Fig. 2) . The benzoylated extracts were eluted at room temperature through a 4.6 x 250 mm, 5-,um particle size reverse-phase (C18) column (Altex-octadecylsilane) and detected at 254 mm. Sensitivity was routinely set at 0.04 a.u.f.s., although the response was found to be linear down to 0.005 a.u.f.s. The results were quantified with a 3390A Hewlett-Packard integrator. One-and two-point calibrations were found sufficiently accurate for standards (Table I) since the injection loop used was fixed volume (201,). The following chromatographic data were calculated on the various benzoylpolyamine standards, at two different solvent strengths (selectivity essentially unchanged) (see Table I ):
MATERIALS AND METHODS
where k' is the capacity factor, t0 is the retention time ofunretained solute, tr is the retention time of benzoyl-standard, a is the relative retention, R. is the resolution of two peaks, and N is the theoretical plate count (7,900 at 64% methanol; 9,600 at 60%o methanol) (26) .
Statistical analyses on the HPLC and TLC results were performed with the PROPHET system, a national computer facility of the Chemical/Biological Information Handling Program of the National Institutes of Health.
RESULTS AND DISCUSSION The benzoylpolyamines are separable under a variety of conditions through reverse-phase HPLC (Table I; Figs. 1 and 2) . A typical chromatogram run at 64% methanol is shown in Figure 1 . All peaks shown could be fully resolved in less than 20 min. Since Nor-Spd and Homo-Spd were absent from our samples (Table II) 10 (29) and this criterion was met in both solvent strengths (Table I) . However, the R. between Dap-Put and Homo-Spd-APCad are The usual range of sensitivity for our analyses was 0.1 to 1 nmol (Figs. 1, 3, 4, 6, and 7) , similar to that reported with the dansyl method (23, 25) . This could be extended if acetonitrile:water was used (52%, v/v) instead, to about 10 pmol for Put, Cad, Spd, and Spm (Fig. 2) . Detection limits of 50 pmol were obtained with the methanol:water system for standards and plant samples. The above conditions for separation of benzoylpolyamines are based on the accepted mechanism for reverse-phase HPLC, in which the resolution of a mixture depends on the solvophobic interaction between the sample components and the non-polar hydrocarbon groups attached to the silica gel matrix. Since it has been shown recently (4) that the residual hydrophilic silanol groups of the stationary phase affect resolution significantly, the separations reported here are susceptible to further improvement provided the residual silanols are masked by an appropriate reagent. The highly reproducible retention times (Table I ) obtained with HPLC of polyamine standards allowed for preliminary identification of the unknown peaks in plant extracts. In addition, each peak was spiked with known amounts of a particular standard, and the increase in the areas of specific peaks at different solvent strengths (Figs. 3 and 4) confirmed the nature of the unknowns. No variation in elution volume or splitting of the peaks were observed. The correlation of estimates obtained by HPLC and TLC (Fig. 8) further support the nature of the peaks observed in all samples studied in this report. The presence of unknown peaks in amaranth cotyledon (Fig. 3) and pea internode (Fig. 4) extracts has been confirmed, the nature of which is not yet established. Unknown bands with the same fluorescence spectrum of dansylpolyamines have been detected by TLC (Fig. 5, lanes 3, 4, 6, 7) .
The dansylation procedure (25) as adapted for plant samples (27) was used for polyamine analysis with various plant extracts. The common polyamines are well resolved (Fig. 5, lane 5 ) with the chloroform:triethylamine system. In general, no background interference is found for quantification of leaf and stem samples (Fig. 5, lanes 1-8 and 10 ). However, in samples with high content of carbohydrates and/or phenolics, as in cell wall digests from oat leaves (Fig. 5, lane 9) , accurate estimation of polyamine titers was   FIG. 4 . Identification of polyamines in etiolated pea internode extracts by spiking with 1.0 nmol each of Cad and Spm, and 0.5 nmol of Spd. Solvent system: 65% methanol. Other conditions as in Figure 1 . not possible. The interference is caused by side products of the dansyl reaction formed in the presence of sugars, ammonia, or amino acids (as for hydrolyzed samples during the analysis of bound polyamines) (22) . These samples had to be purified through silica gel (13) before derivatization, with a significant loss in recovery. By contrast, HC104 extracts could be directly analyzed by HPLC after the benzoylation procedure, as in the case of potato tuber extracts (Fig. 6) , without significant interference from carbohydrates or other compounds.
HPLC of benzoylpolyamines has been used for analysis of a wide range of organs and species of higher plants (Table II; Figs. 6 and 7). A good correlation between estimates made by TLC and HPLC is apparent (Fig. 8) as shown for amaranth and oat extracts analyzed simultaneously through both procedures. Since the HC104 extracts are stable for several months (see "Materials and Methods"), correlation coefficients were above 0.8 even if TLC and HPLC analyses were performed 2 months apart (data not shown). The HPLC method has been used to show the organspecific polyamine pattern in buds and internodes of etiolated pea seedlings (Table II; Figure 1 . Equal fresh wt equivalent per sample. munication), and in some other members of the Leguminosae (26) . The findings in pea have been related to the phytochrome and hormonal control of arginine decarboxylase activity (7, 8) and extended to polyamine titer studies in relation to red light inhibition or promotion of growth (12) . The striking increases in Put, Agm, and Spd in potato tubers during sprouting (Fig. 6 ) have been correlated with growth and increased ornithine decarboxylase activity (17) . Also apparent are the large decreases in poly- Conditions for separations as in Figure 6 . (Table II) , which are consistent with findings in oat leaves during senescence in situ and in vitro (17) . Titers are high in rapidly growing organs, as in the apex of Pharbitis and pea buds (Table  II) , and in young leaves and cotyledons of amaranth, fitting the general correlation found in animal, bacterial, and plant systems (6, 10, 26) .
Other HPLC methods have been described for polyamine analysis, involving separation through ion-exchange columns and postcolumn derivatization with o-phthalaldehyde (1) or ninhydrin (11) . The disadvantages of these systems are long analysis time, relatively low sensitivity, and laborious extraction and purification procedures (11) . In contrast, the reverse-phase HPLC system reported here is suitable for direct determination of polyamines in crude extracts, with good recovery and short (15-20 min) analysis time. No instability problems are observed with the reverse-phase columns, as opposed to the silica partition or resin ion-exchange columns. Elaborate regeneration procedures are unnecessary after each injection. Optimal column performance is regained after flushing with 100o organic solvent, and more than 100 analyses can be performed before regeneration is needed. Although dansylpolyamines have been determined by combined reverse-phase ion pair HPLC (23, 24) , longer analysis time is also required, and the same drawback mentioned above for TLC of dansylpolyamines applies in this latter system. Although polyamine titers in plant tissues are usually at least two orders of magnitude higher than those of plant hormones, the sensitivity of the method described here is in the range already found for HPLC of IAA, ABA, and cytokinins (21) . Considering the evidence involving polyamines in growth regulation (3, 7, 8, 10, 14, 19) , it would be desirable to develop methods for simultaneous determination of polyamines and plant hormones. The procedure we have described is designed for the analysis of free polyamines, operationally defined as those extracted with acid from plant cells, and presumably bound only electrostatically to cell components. Polyamines that may be tightly bound to lipid domains are likely to be excluded from this extraction. Covalently bound polyamines occur as acetyl derivatives in animal systems (22, 24) and as phenolic and other conjugates in plants (5) . Little is known about the titer of these conjugates during growth and development, and since they may account for a substantial fraction ofthe polyamine pool, development of a rapid and precise method for their estimation is important. 
